Junctin is a 26-kDa integral membrane protein, colocalized with the ryanodine receptor (RyR) and calsequestrin at the junctional sarcoplasmic reticulum (SR) membrane in cardiac and skeletal muscles. To elucidate the functional role of junctin in heart, transgenic (TG) mice overexpressing canine junctin (24-29 folds) under the control of mouse α-myosin heavy chain promoter were generated. Overexpression of the junctin in mouse heart was associated with heart enlargements, bradycardia, atrial fibrillation, and increased fibrosis. Many ultrastructural alterations were observed in TG atria. The junctional SR cisternae facing transverse-tubules contained a dense matrix of calsequestrin in TG heart. According to echocardiography, TG mice showed enlarged left ventricles, dilated right atriums, and ventricles with paradoxical septal motion and impaired left ventricular systolic function. Overexpression of junctin led to downregulation of triadin and RyR but to up-regulation of dihydropyridine receptor. The L-type Ca 2+ current density and action potential durations increased, which could be the cause for the bradycardia in TG heart. This study provides an important example of pathogenesis leading to substantial cardiac remodeling and atrial fibrillation, which was caused by overexpression of junctin in heart.
I n striated muscles, dihydropyridine receptor (DHPR) senses depolarization of the transverse (T)-tubules and triggers Ca 2+ release from sarcoplasmic reticulum (SR), and hence, muscle contraction (1) (2) (3) (4) (5) (6) (7) (8) . The main SR protein responsible for the Ca 2+ release from SR is the ryanodine receptor (RyR)/Ca 2+ release channel, whereas the active Ca 2+ uptake mediated by sarco(endo)plasmic reticulum Ca 2+ ATPase (SERCA) leads to lowering the cytosolic-free Ca 2+ concentration and therefore to muscle relaxation (9-11). The RyR in the junctional SR forms a quaternary protein complex with calsequestrin, triadin, and junctin (12) (13) (14) (15) . It has been postulated that calsequestrin is physically anchored to the RyR by triadin and junctin (15) . The anchored calsequestrin may regulate the function of RyR during muscle contraction (16, 17) .
week-old TG and age-matched WT mice were used for this study in accordance with institutional guidelines. The TG mice died prematurely of heart failure between the ages of 9 and 11 wk.
Genomic PCR and Southern blot analysis
To identify junctin overexpressing TG mice, we extracted genomic DNA from parts of tails (∼1 cm) of 3-wk-old mice. PCR analysis of tail genomic DNA was carried out using the forward primer corresponding to the 5' end of the canine junctin cDNA sequence (JFF) and the reverse primer corresponding to the 3' end of the canine junctin cDNA sequence (JFR). The genomic PCR products were examined in 1% agarose gel. The genomic PCR results were also confirmed by genomic Southern blot analysis. The mouse-tail genomic DNA was completely digested by Sal I, and the digested DNA was separated in 0.8% agarose gel and transferred onto Hybond-N + membrane (Amersham Pharmacia Biotech). The membrane was hybridized using [α-32 P]dCTP-labeled canine junctin cDNA as a probe, which was made using the T7 QuickPrime kit (Pharmacia, Piscataway, NJ).
Northern blot analysis
Total RNA from the heart tissues was isolated with Trizol reagent (Gibco BRL, Rockville, MD) according to the manufacturer's instructions. Total RNA (20 µg) was separated by electrophoresis, transferred to nylon membrane, and hybridized with the same probe used for the Southern blot analysis.
Trichrome staining
Trichrome staining was performed according to Pollak's method (20) . In brief, the hearts were fixed in 10% (v/v) neutrally buffered formalin. Fixed tissues were dehydrated through an ascending ethanol series and were embedded in paraffin. Four-micrometer sections were deparaffinized and stained with Mayer hematoxylin. After they were washed in distilled water, the sections were further stained with trichrome solution to differentiate collagen from muscle fibers.
Transmission electron microscopy
Mouse hearts were fixed by perfusion through the aorta with phosphate-buffered saline (PBS) buffer, followed by 2.5% glutaraldehyde and 2% paraformaldehyde in isotonic 0.1 M cacodylate buffer (pH 7.4). Each tissue was dissected and immersed in the same fixative for 2 h. After they were washed, the specimens were postfixed in 1% osmium tetraoxide, dehydrated, and embedded in Epon. Sections were further stained with uranyl acetate and lead citrate and were examined in a transmission electron microscope (JEM 1200EX, Jeol, Tokyo, Japan).
Electrocardiography (ECG) and echocardiography
After general anesthesia with 2.5% avertin (10 µl/g) was administered to the mice, the anterior chest wall of the mice was shaved and limb-lead ECG was monitored with small needle electrodes. Transthoracic two-dimensional and Doppler echocardiographic examinations were performed using Acuson Sequoia system equipped with a 15-MHz linear transducer (15L8). With the mouse in the left lateral decubitus position, M-mode tracing of the left ventricle (LV) was obtained close to the papillary muscle level by using the parasternal short axis imaging plane, and pulsed Doppler tracing of the aortic flow velocity was recorded in a parasternal long axis view. Using the analysis program, PiView Standard (version 3.0, Mediface), we measured all dimensions and thickness data of LV, aortic ejection time (ET), and heart rate (HR) by using the American Society of Echocardiography leading-edge technique, and the results were presented as the average of three measurements. The fractional shortening (FS) of LV was expressed as FS (%) = (LVEDD-LVESD)/LVEDD × 100, and the estimated LV mass was calculated as LV mass (mg) = [(LVIDd + IVSth + PWth) 3 
Tissue homogenization
After it was weighed, the tissue was homogenized twice for 20 s in homogenization buffer (50 mg tissue/ml, 20 mM MOPS (pH 7.4), 1 M KCl, 1 µM leupeptin, 1 µM pepstatin, 1 µM aprotinin, 0.1 mM phenylmethylsulfonyl fluoride, and 10 µg/ml trypsin inhibitor) by using Polytron PT 10 probe (Brinkmann, Westbury, NY) at a speed setting of 5 (21). Tissue homogenate was aliquoted and frozen in liquid nitrogen. Protein concentration was determined by the colorimetric method of the BioRad assay kit by absorbance measurement at 595 nm by using bovine serum albumin (BSA) as the standard (22) .
Western blot analysis
Mouse junctin-specific polyclonal antibody was raised to peptide corresponding to amino acid residues 83-95 of the mouse junctin (GLAKRKTKAKAKE) (Anygen, Kwangju, Korea). Cardiac whole homogenate samples (40-200 µg) in sodium dodecyl sulfate (SDS) sample buffer (23) were run on SDS-polyacrylamide gel electrophoresis (PAGE) gel, and proteins in the gel were electrophoretically transferred to nitrocellulose paper (24) . The transferred proteins on nitrocellulose paper were incubated with blocking solution containing 5% skim milk, 0.1% Tween 20, and 0.05% NaN 3 in Tris-buffered saline for 1 h at room temperature. After it was blocked, the nitrocellulose paper was treated with anti-junctin (25), anti-mouse junctin, anticalsequestrin (25) , anti-calreticulin (26), anti-triadin (13), anti-RyR (Affinity Bioreagents, Golden, CO), anti-FKBP12 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-DHPR (Affinity Bioreagents), anti-phospholamban (Affinity Bioreagents), anti-SERCA2a (Affinity Bioreagents), or anti-Na + -Ca 2+ exchanger antibody (Affinity Bioreagents) diluted in Tris-buffered saline solution containing 1% skim milk and 0.05% NaN 3 , washed with Tris-buffered saline, and incubated with alkaline phosphatase conjugated secondary antibody. After it was washed, the membrane was developed with nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate solution in alkaline phosphatase buffer (100 mM Tris-Cl (pH 9.5), 100 mM NaCl, and 5 mM MgCl 2 ).
Ryanodine binding assay
Equilibrium ryanodine binding to whole homogenates was performed by incubation of 250 µg of whole homogenate in 250 µl of reaction mixture containing 20 mM MOPS (pH 7.4), 1 M KCl, various concentrations of [ 3 H]ryanodine up to 16 nM (54.7 Ci/mmol), 1 mM EGTA, and 0.98 mM CaCl 2 for 2 h at 37 o C (21, 27). To determine nonspecific binding, we included a 100-fold excess of unlabeled ryanodine (Calbiochem, La Jolla, CA ). After incubation, 100 µl of polyethylene glycol (PEG) solution (50 mM Tris (pH 7.4), 30% polyethylene glycol, and 1 mM EDTA) was added to each vial, and incubation was continued for 5 min at room temperature (28) . Precipitated protein was sedimented for 5 min at 14,000 rpm in an Eppendorf microcentrifuge, and the pellets were rinsed twice with 0.4 ml of the relevant ryanodine-binding buffer without radioactive ryanodine. The pellets were then solubilized in 100 µl of Solune 350 (Packard, Downers Grove, IL ) at 70 o C for 30 min, and the solution was counted in 4 ml of Picofluor (Packard) by liquid scintillation (Beckman Instruments, Fullerton, CA) (21).
Isolation of cardiomyocytes
Single ventricular cells from mice were prepared by enzymatic digestion. After we opened chest cavities, hearts were excised and immersed in Krebs-Henseleit (KH) buffer solution (10 mM HEPES (pH 7.35), 118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 25 mM NaHCO 3 , 10 mM pyruvate, 11 mM dextrose, and 1 mM CaCl 2 ). Each heart was retrogradely perfused via the aorta in a Langendorff apparatus with KH solution for 5 min to clear visible blood. Hearts were then perfused with Ca 2+ -free KH solution until they stopped beating, and then they were perfused with Ca 2+ -free KH solution containing 0.075% collagenase (Worthington, Freehold, NJ) for 30 min. After enzymatic digestion, ventricular muscle was removed, placed in Ca
2+
-free KH solution containing 1.0% BSA, cut into small pieces, and mechanically dissociated into single cells. All cells used for experiments were rod-shaped, with clear striations.
[Ca 2+ ] i measurement
A Photon Technology International (PTI, Lawrenceville, NJ) microfluometry system was used to measure the effect of caffeine on Ca 2+ release in mouse ventricular cardiomyocytes. The cells were loaded at room temperature with 1 µM fura-2 AM in KH solution (pH 7.4). The cells were excited alternatively at 340 nm and 380 nm by using a dual monochromator. The emitted fluorescence was filtered through a 510-nm filter before feeding into the photomultiplier tube. Averaged light intensities over excitation periods of 0.05 s at each of the two wavelengths were used to calculate the 340/380 nm ratio, with Felix (PTI) software.
I Ca measurement
To measure the voltage-gated L-type Ca 2+ currents, I Ca , conventional (ruptured patch) recording techniques were used at room temperature. The pipette solution contained 125 mM CsCl, 20 mM tetraethylammonium chloride (TEA-Cl), 5 mM MgATP, 3.6 mM creatine phosphate, 10 mM EGTA, and 10 mM HEPES (pH 7.2) with CsOH. The bath solution contained 10 mM HEPES (pH 7.4), 157 mM TEA-Cl, 1 mM CaCl 2 , and 0.5 mM MgCl 2 . Data were acquired using a Pentium computer that controlled data acquisition hardware and software (pClamp 6.03+, Axon Instruments, Foster City) connected to Axopatch 200 amplifiers (Axon Instruments). Currents were filtered at 2 kHz and sampled between 4 and 10 kHz. A holding potential of -50 mV was used to inactivate Na + current. I Ca was elicited with step depolarization protocols, using test potentials in the range of -40 to +30 mV. I Ca densities were computed by dividing current amplitudes by the whole-cell capacitance. Peak Ca 2+ current density refers to I Ca density at the peak of the current-voltage (I-V) curve. To calculate cell capacitance (C m ), the capacitive transients elicited by symmetrical 10-mV voltage clamp steps of 10 ms from -80 mV were recorded at an acquisition rate of 50 kHz. A single exponential was fitted to the capacitance current decay, which provided estimates of the initial current (I 0 ), the time constant (τ), and the steady state current (Iss). C m was derived using the following equation: C m =  τ * (1/Rs + 1/R m ) with Rs = ∆V/I 0 and R m = ( ∆V/Iss -∆V/I 0 ).
Action potential recording
Mice (6-to 8-wk old) were anesthetized with pentobarbital (30 mg/kg) and were killed by cervical dislocation. Hearts were rapidly excised and transferred to a dissection bath filled with Tyrode's solution (0.45 mM NaH 2 PO 4 , 11.9 mM NaHCO 3 (pH 7.3-7.4), 137 mM NaCl, 5.4 mM KCl, 1.05 mM MgCl 2 , 1.8 mM CaCl 2 , and 5 mM dextrose) oxygenated with 97% O 2 and 3% CO 2 gas mixture. Ventricular muscles were carefully dissected free from the left ventricular wall. Each dissected tissue was mounted horizontally in a narrow channel of a tissue chamber and continuously superfused with oxygenated Tyrode's solution at 36-37℃.
The size of dissected tissues ranged from 0.5 to 1 mm wide and from about 2 to 3 mm long. The one end of each tissue was fixed by an insect pin to the bottom of the chamber coated with Sylgard. The tissue next to the insect pin was pressed against the floor by stimulating electrodes, which were used to elicit action potentials and contractions. The action potentials were elicited by stimulating the cardiac cells with square pulses (2 Hz, 1-ms duration, 20-30% above threshold voltage) by a stimulator via a stimulus isolation unit (WPI, Sarasota, FL). Action potentials were recorded with a 3 M KCl-filled microelectrode (10-20 megaohm) connected to an amplifier (KS-700, WPI) and displayed on an oscilloscope (Dual beam storage 5113, Tektronix, Beaverton, OR). Tracings on the oscilloscope screen were photographed on 35-mm film and also recorded on a chart recorder (RS 3400, Gould, Cleveland, OH). Mouse cardiac tissue was superfused with Tyrode's solution at a constant rate (5 ml/min).
RESULTS

Generation of junctin TG mice
TG mice overexpressing canine junctin in heart were generated using the mouse αMHC promoter and were screened by genomic PCR and Southern blot analysis, as described in Materials and Methods (Fig. 1) . The transgene-specific bands were detected only in genomic DNA of the TG mice (Fig. 1B, C) . Northern blot analysis, using a canine junctin-specific probe, showed an abundant mRNA expression in the TG heart (Fig. 1D) . Overexpression of junctin in TG heart was also examined by Western blot analysis, using anti-junctin antibody (Fig. 1E, F) . The expression level of junctin (ML#129) both in ventricle and atrium was 29-fold higher in TG animals than in WT animals. A similar junctin expression level (24-fold) was also found in ML#122. The dog junctin contains 210 amino acids (14) , whereas the mouse junctin contains 207 amino acids (29) ; therefore, the overexpressed dog junctin showed lower mobility than the endogenous mouse junctin (Fig. 1E, F) . The ML#129 mice started to die at 6 wk after birth, and the deaths were predominant at 8-11 wk (Fig. 1G ).
Gross remodeling of heart found in TG mice
Hearts from 6-to 8-wk-old TG mice showed a dramatic enlargement of both ventricles and atria compared with WT litters (Fig. 2A) . Heart weight, and heart to body weight ratio, increased approximately 2 times, whereas the right atrium to body weight ratio increased almost 15 times in the TG mice ( Table 1 ). The dissection of the TG heart revealed a significant remodeling, compared with the WT (Fig. 2B) . The right ventricular and atrial cavities were markedly dilated. Intraatrial thrombus was found in both atria, which might be due to a blood clot formation caused by the development of atrial fibrillation.
Increased fibrosis in TG mice atria
To examine whether fibrosis exists in the TG hearts, trichrome staining was performed (Fig. 2C-F) . All of the endocardium, myocardium, and epicardium were clearly seen in atria (Fig. 2C, D) and ventricles (Fig. 2E, F) of WT (Fig. 2C, E ) and TG mice (Fig. 2D, F ). It appears that the atrial wall of TG mice became thinner (Fig. 2D) . The atrial myocardium of WT mice showed the typical structure of adult myocardium (colored in red), whereas that of TG mice was replaced substantially with collagen fibers (colored in blue-green) (Fig. 2C, D) . The ventricular wall of TG mice showed mild collagen deposition (Fig. 2F) .
Morphological changes in TG heart
To compare subcellular localization of junctin in TG and WT cardiomyocytes, immunocytochemistry was performed (Fig. 2G-J) . The localization of junctin did not appear to be altered in TG heart cells ( Fig. 2H) , and the localization of triadin was similar to that of junctin (Fig. 2J) .
To examine the ultrastructure of the TG heart cells, transmission electron microscopy was performed. Significant ultrastructural alterations were observed in the TG atria (Fig. 3B, D) , whereas no significant morphological alterations were found in the TG ventricles (data not shown). In the WT atria (Fig. 3A, B) , the intercellular space of myocardium was narrow and had amorphous substances. An intercalated disk conjoined the cardiomyocytes, and all of the nuclei had an elongated shape. Dense heterochromatin was observed in nuclei, and their surfaces usually showed shallow indentations in the cardiomyocytes. Z-and M-lines and H-band of myofibrils were intact, and the intervals of sarcomere were uniform. The atrial granules and Golgi complexes were located in the juxtanuclear region of cardiomyocytes. Many mitochondria were arranged in parallel with myofibrils. In contrast, in the atria of TG mice, a wider intercellular space had many collagen fibers (Fig. 3B, D) . Some nuclei were severely fragmented (Fig. 3B) , and chromatin of nuclei was dispersed. Z-and M-lines and H-band of the myofibrils became indistinct, and the intervals of sarcomere were not definite (Fig. 3B, D) . Many myelinlike structures also appeared in the sarcoplasm of the right atrial cells (Fig. 3D) . The atrial granules, Golgi complex, and mitochondria showed the scattered pattern through the sarcoplasm.
To examine the T-tubule/SR junctional area, high-resolution transmission electron microscopy was performed (Fig. 3E-H) . In TG heart, all junctional SR cisternae facing the T-tubules showed narrow and dense lumen, probably due to the highly clustered content of calsequestrin compared with WT in both ventricle (Fig. 3F) and atrium (Fig. 3H) . The dense appearance of junctional cisternae of SR in TG heart might be caused by the increased expression of junctin in junctional SR membrane, which recruits calsequestrin to junctional SR lumen.
Bradycardia, atrial fibrillation, and cardiac remodeling in TG mice
Both global cardiac functions and chamber sizes of the junctin TG hearts were assessed by limblead electrocardiography (ECG) and transthoracic echocardiography (Fig. 4, Table 2 ). TG mice (Fig. 4B) had a significantly lower heart rate than WT litters (Fig. 4A) . Furthermore, the ECG analysis revealed signs of atrial fibrillation, as evidenced by the absence of P waves, and the irregular QRS intervals and baseline in TG mice (Fig. 4B) . According to the 2-dimensional echocardiographic analyses (Fig. 4C, D) , the TG mice showed enlarged left ventricle and markedly dilated right atrium and right ventricle. M-mode tracing demonstrated dilated right ventricle with paradoxical interventricular septal motion (Fig. 4F ) probably due to increased right ventricular cavity compared to WT litters (Fig. 4E) . Overexpression of junctin also resulted in the increased left ventricular end diastolic dimension (LVEDD), left ventricular end systolic dimension (LVESD), left ventricular mass and decreased heart rate, fractional shorting (FS) and mean velocity of circumferential fiber shorting (mVcf), whereas interventricular septum thickness (IVSth) and left ventricular posterior wall thickness (LVPWth), were not altered significantly (Table 2) .
Expression levels of E-C coupling proteins in junctin TG heart
To see whether the overexpression of junctin altered the expression levels of other E-C coupling proteins, we performed Western blot analysis, using left ventricular whole homogenates of TG and WT mice (Fig. 5, Table 3 ). The expression level of junctin in TG hearts was markedly higher than in WT hearts, as shown in Figure 1 , whereas those of endogenous mouse junctin and triadin were significantly lower in TG hearts than in WT hearts. The expression level of RyR decreased slightly, whereas that of DHPR increased 2.4 times. The expression levels of calsequestrin, calreticulin, FKBP12, phospholamban, SERCA2a, and Na + -Ca 2+ exchanger did not change significantly.
To examine whether junctin overexpression altered the characteristics of RyR, ryanodine binding to whole homogenates was measured at various 
Caffeine-induced Ca i -transients in junctin TG cardiomyocytes
The possible alterations of SR-mediated Ca 2+ transients in TG mice were studied by measuring the resting and the elevated cytosolic Ca 2+ concentration by application of 10 mM caffeine in enzymatically isolated ventricular cardiomyocytes (Fig. 6 ). The addition of 10 mM caffeine to the cardiomyocytes led to a rapid increase of cytosolic Ca 2+ concentrations. The calculated intracellular Ca 2+ concentrations at basal, transient, and steady state were 215.42 ± 48.7, 855.46 ± 185.4, and 150.2 ± 46.9, respectively, for WT (n=12), and 108.8 ± 17.72, 450.36 ± 127.7, and 67.6 ± 13.6, respectively, for junctin TG cardiomyocytes (n=8). In junctin-overexpressing cardiomyocytes, Ca 2+ concentrations at all of the basal, transient, and steady states appeared to be generally lower than in WT cardiomyocytes. However, only basal intracellular Ca 2+ concentrations were significantly lower in TG cardiomyocytes than in WT cardiomyocytes (P < 0.05).
Characteristics of L-type Ca 2+ currents (I Ca ) in junctin TG cardiomyocytes
In light of the evidence that the expression level of DHPR increased in the TG mice (Fig. 5) , the characteristics of I Ca currents in ventricular cardiomyocytes were examined (Fig. 7A) 
Prolongation of action potential duration in junctin TG cardiomyocytes
To test whether overexpression of junctin could affect the general electrophysiological characteristics of the heart, the characteristics of the action potential in the ventricle and atrium of WT and TG hearts were examined (Fig. 7C-F) . Action potentials were recorded from isolated mouse ventricular and atrial muscles with 3 M KCl-filled conventional microelectrodes. The resting membrane potential in WT ventricular muscle was -67.3 ± 4.3 mV (n = 16), and the action potential duration at 70% repolarization (APD 70 ) from the same preparations was 29.2 ± 4.0 ms. In TG ventricular muscles, the resting membrane potential was not changed (-64.3 ± 3.1 mV, n = 7), but the APD 70 increased significantly to 49.0 ± 7.2 ms. The resting membrane potential in WT atrial muscle was -70 ± 1.4 mV (n = 16), and the APD 70 from the same preparation was 46.7 ± 4.1 ms. In TG atrial muscle, the resting membrane potential was not changed (-65 ± 2.4 mV, n=12), but APD 70 increased significantly to 91.5 ± 8.5 ms. The muscles used for action potential measurement were stimulated at 2 Hz
DISCUSSION
Cardiac junctin is localized in the junctional SR, and it appears to interact with calsequestrin and the RyR (15) . However, the functional consequences of the interaction in the heart have not been fully elucidated. In this study, we generated TG mouse lines overexpressing dog cardiac junctin (24-to 29-fold) ( Fig. 1 ) and showed that overexpression of junctin in the hearts of newborn mice induced dramatic heart remodeling ( Fig. 2) and bradycardia with atrial fibrillation (Fig. 4) . These pathophysiological changes in the heart were accompanied by various morphological (Fig 3) , biochemical (Fig. 5) , and electrical ( Fig. 7) changes to the heart cells.
Recently, TG mouse lines that overexpressed canine junctin were also reported (29) . However, those TG mouse lines showed only mild phenotype changes such as tighter and more extended structures of SR cisternae and T-tubules (29) . The severity of the phenotype changes could be related to the degree of overexpression of junctin, because the reported overexpression level of junctin was only 5-to 10-fold (29) . We have identified two independent lines of severely overexpressed junctin TG mice (24-and 29-fold higher than WT), and both TG lines showed the similar phenotype changes, as described previously. Judging from the severe phenotype changes, the junctin TG mice died earlier because of heart failure ( Fig. 1G) . However, our other TG lines (#20 and #110), which overexpressed canine junctin 9-to 11-fold, showed a phenotype of concentric left ventricular enlargement, ventricular premature beats, and bradycardia on ECG monitoring (data not shown). These results suggest that cardiac remodeling and bradycardia could occur both in mildly and severely junctin-overexpressed hearts.
In many cardiac gene-specific TG mice models, the enlargements of hearts were commonly reported and the majority of them were due to myocardial hypertrophy (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) . However, the increased mass of the heart in the our TG animals (Table 1 ) may not be due to hypertrophy of cardiomyocytes per se, but it could be due to the formation of fibrosis (Fig. 2) , because the cell capacitance measurement did not show any significant change.
The bradycardia found in the TG heart (Table 2 and Fig. 4B ) could be explained by increased DHPR expression (Fig. 5) , elevated L-type Ca 2+ current density (Fig. 7B) , and prolongation of the action potential duration (Fig. 7D, F) . The increased expression level of DHPR could cause the increased density of L-type Ca 2+ current (Fig. 7B) . The increased L-type Ca 2+ current density might affect the electrical properties in TG heart, such as the action potentials. The attenuated membrane repolarization by increased L-type Ca 2+ current density might induce the prolonged refractory period and action potential duration. The prolonged action potential could result in the bradycardia in junctin TG hearts. Our interpretation of the underlying mechanisms for the observed bradycardia in junctin TG hearts can be supported by a previous study (42) showing that hypertensively hypertrophied rabbit heart had longer action potential duration and the reduced ratio of RyR to DHPR. In a similar context, the increased L-type Ca 2+ current density and bradycardia were reported in calreticulin TG mice (43) .
The paradoxical septal motion as seen in the M-mode echocardiogram of the junctin TG mice could be due to the enlarged right ventricular cavity, altered electrical conductivity, and/or enhanced electrical heterogeneity (Fig. 4F ). In patients with atrial septum defects, right ventricular enlargement and paradoxical septal motion were predominantly observed (44, 45) . The marked enlargement of right ventricles was found in TG mice (Fig. 2B) and subsequently progressed to right ventricular failure characterized by hepatomegaly, ascites, and edema. Note that we have reproducibly observed the spontaneous beating of the isolated cardiac Purkinje fibers in the junctin TG mice, whereas no spontaneous beating was observed in WT Purkinje fibers (unpublished observations). The Purkinje fibers showing pace-making activity may act as ectopic foci and induce an arrhythmia in the junctin TG mice.
Chronic atrial fibrillation, an age-related prevalent arrhythmia, has been reported to induce structural remodeling in the case of human, goat, and dog disease models. (46) (47) (48) . In the rapid pacing dog model, atrial fibrillation and biatrial cardiomyopathy were observed (48) . In a similar goat model, ultrastructural remodeling such as abnormally shaped mitochondria and dispersed chromatin in nuclei were observed (47) . These phenotype changes appear to be similar to the morphological changes found in our junctin TG mice (Fig. 3) .
Because the proteins in the E-C coupling system (RyR, calsequestrin, triadin, and junctin) are closely associated with each other, a selective overexpression of one protein in the complex may interrupt their tight balance, hence we measured the Ca 2+ release function (15, (29) (30) (31) (32) 38) , the expression levels of triadin, calsequestrin, and RyR along with other proteins involved in the E-C coupling processes (Fig. 5 and Table 3 ). The expression level of calsequestrin was not altered in the TG heart, but that of triadin and the density of RyR, as determined by [ 3 H]ryanodine binding, decreased significantly (Fig. 5 and Table 3 ). Because the overall structures and interacting characteristics of junctin and triadin are similar, the overexpression of junctin may be compensated for by the down-regulation of triadin (Fig. 5) (15) . The expression levels of cardiac triadin bands composed of isoforms and glycosylated forms decreased in junctin TG heart (49). Similarly, the expression level of junctin also decreased in the triadin TG mice (30) . Recently, it was reported that the expression level of junctin was reduced, but that of triadin was not altered, in β 1 -adrenergic receptor TG mice, which showed impaired contraction and relaxation associated with abnormal calcium handling (50) . These results also suggest that junctin may play an important role in E-C coupling.
To examine whether the altered expression of the E-C coupling proteins (Fig. 5 and Table 3) could cause an altered Ca 2+ transient in heart cells, we monitored caffeine-induced Ca 2+ release by using ventricular cardiomyocytes (Fig. 6) . The overall trace of caffeine-induced Ca 2+ release was lower, but the basal Ca 2+ level was significantly lower in the TG heart. This lower basal Ca 2+ level in the TG heart could be at least in part due to the lower density of RyR (Table 3) .
The junctin TG mice in this study have shown various morphological and physiological alterations. The most outstanding phenotype changes would be the substantial biatrial and biventricular enlargements and the occurrence of the atrial fibrillation. Those phenotype changes could be caused by the perturbations of the intracellular Ca 2+ homeostasis caused by the overexpression of junctin and consequent changes of the protein expression of the other E-C coupling proteins such as DHPR. Our TG model may be helpful in elucidating the relationship between the altered expression levels of cardiac membrane proteins and the pathogenesis of hearts, especially related to conduction abnormalities. -dependent ATPase form rabbit muscle sarcoplasmic reticulum, deduced from its complementary DNA sequence. Nature 316, 696-700 Table 1 Junctin overexpression is accompanied by heart enlargement a Fig. 1   Figure 1 . Generation of cardiac-specific junctin transgenic (TG) mice. A) Canine junctin cDNA encoding full-length protein was subcloned between α-myosin heavy chain promoter and human growth hormone polyadenylation sequence (hGH poly A), as described in Materials and Methods. B) Genomic polymer chain reaction products of wild-type (WT) and junctin TG mice amplified by using the junctin transgene-specific primers are shown. C) Genomic Southern blot of WT and TG mice was conducted using the junctin transgenespecific probe. D) Northern blot of WT and TG cardiac RNA was conducted by hybridizing with the [α-32 P]dCTP-labeled canine junctin cDNA. E) Western blot of WT and TG heart homogenate was conducted using anti-junctin antibody. F) The junctin expression levels in WT and TG heart were determined by densitometry. G) Kaplan-Meier survival analysis of junctin TG mice (ML#129). Western blot analysis was conducted as described in Materials and Methods by using the specific primary antibodies. tJTN, total junctin; mJTN, mouse junctin; RyR, ryanodine receptor; CSQ, calsequestrin; CRT, calreticulin; TRN, triadin; FKBP12, FK506 binding protein 12; PLB, phospholamban; SERCA2a, sarcoplasmic reticular Ca 2+ ATPase 2a; NCX, Na + -Ca 2+ exchanger; DHPR, dihydropyridine receptor. 
